ABSTRACT: Soil management influences soil cover by crop residues and plant canopy, affecting water erosion. The objective of this research was to quantify water and soil losses by water erosion under different soil tillage systems applied on a typical aluminic Hapludox soil, in an experiment carried out from
INTRODUCTION
Tillage breaks soil aggregates, increases surface roughness, and diminishes the soil surface cover by crop residues, thus reducing resistance to water erosion. On the other hand, absence of tillage preserves soil structure and maintains its surface covered by crop residues, protecting the soil from water erosion, in spite of reducing surface roughness.
Conventional tillage associated with burning previous crop residues can increase soil susceptibility in relation to erosion, in spite of increasing soil surface roughness and total porosity in the plowed layer (Allmaras et al., 1966; Cogo et al., 1984; . As a result, both surface water retention and infiltration are higher, especially in recently-tilled soil, generally as compared to untilled soils (Cogo et al., 1984) . On the other hand, no-tillage keeps crop residues on soil surface, and usually leads toward soil consolidation, increasing the soil resistance to water erosion (Cogo et al., 1984; Mello et al., 2003; Leite et al., 2004) .
Soil cover by crop residues is the single variable that most influences water erosion, since it dissipates energy from raindrops right at the soil surface and reduces the velocity of surface runoff (Cogo, 1981; Foster, 1982) . The effect that plant canopy soil cover has on reducing erosion during crop growth is less than the effect of dead crop residues (Wischmeier & Smith, 1978) and will depend on many factors, such as plant type, stage, density, and crop sequence. Soil cover by plant canopies has generally higher effects in reducing water erosion under conventional tillage than under notillage system (Engel, 2005) . Under a constant rainfallevent, soil losses by erosion will progressively decrease along the crop cycle, especially under conventional tillage (Levien et al., 1990; Engel, 2005) .
The objective of this research was to quantify water and soil losses by water erosion, under distinct soil tillage systems, in different cropstages of soybean.
MATERIAL AND METHODS
This research was carried out in the field, from April, 2003 to May, 2004 , in an experimental area located in the Santa Catarina highland region, Lages, southern Brazil, lying between 28º55'44'' (S) and 51º08'32'' (W). The mean altitude of the region is 846 m, with a moist subtropical climate, according to Köppen's classification, and the mean annual precipitation is of the order of 1,600 mm. The soil of the experimental area is a typical, aluminic Hapludox, with 16.5% slope, 680 g kg -1 of clay, 210 g kg -1 of silt, and 110 g kg -1 of sand in the A horizon, and 592 g kg -1 of clay, 293 g kg -1 of silt, and 115 g kg -1 of sand in the B horizon. Under natural conditions, this soil presents a mean organic carbon content of 10.6 g kg -1 in the A horizon and 2.9 g kg -1 in the B horizon (Mello et al., 2003) .
From September 1999 to March 2003, the experimental area was used for several soil erosion studies under simulated rainfall. Details about tillage methods and cropping practices used in this experimental period can be found in Mello et al. (2003) and Leite et al. (2004) . In April 2003, the experimental area was seeded to fodder radish (Raphanus sativus), with the purpose to produce aerial biomass for the present study, except the portion reserved for the plots for the control treatment (uncultivated, conventionally-tilled) . No limestone or fertilizers were applied to the plots. In the no-tillage treatment, fodder radish seeds were manually distributed over the soil surface, immediately before harvesting the previous corn crop (Zea mays), with the residues being manually laid down over the fodder radish seeds. In the area used for the plots conventionally-tilled, cultivated soil treatment, fodder radish seeds were also manually distributed over the soil surface, immediately after tillage, being incorporated into the soil by manually dragging a tree log over the seeds. In October 2003, at the full flowering cropstage, the fodder radish was chemically desiccated, yielding about 4 Mg ha -1 of dry aerial biomass. This crop residue was then entirely left on the soil surface for two no-tillage treatments, partially burned for another no-tillage treatment, and incorporated into the soil for the conventionally-tilled, cultivated soil treatment, as better specified below. These management forms for the fodder radish crop residue were established in duplicate, at the very end of October 2003, to plant the soybean crop (Glycine max) for this research.
The soil tillage systems consisted of: i) conventional tillage on bare soil, continuously uncultivated -control treatment (CTBS); ii) conventional tillage on soil continuously cultivated with crop residue incorporated into the plow layer (CTCS); iii) no-tillage, continuously cultivated, on never-tilled soil with crop residue partially burned and left on the surface (NTRB); iv) no-tillage, continuously cultivated, on never-tilled soil with crop residue chemically desiccated and left on the surface (NTRD); and v) no-tillage, continuously cultivated, 4-years interrupted soil tillage with crop residue chemically desiccated and left on the surface -previously referred to as traditional no tillage (NTRT). Soil tillage in CTBS and CTCS treatments was performed by plowing the soil once and disking it twice, respectively to the 0.18 to 0.20 m and 0.12 to 0.15 m soil depths, along the slope direction. No-tillage treatments were sown using a no-till planter machine, provided with an unlined, double-disk seed opener. This machine simultaneously places fertilizers and seeds into the soil. Soybean was seeded at a spacing of 0.5 m, placing 18 seeds per linear meter, in the direction of tillage (upand-down Artificial rain was applied with a rotating-boom rainfall simulator (Swanson, 1975) , capable of simultaneously spraying water on two, contiguous 3.5 11.0 m erosion-plots, installed according to EMBRAPA (1975) . Five rainfall tests were applied over the experimental period, one in each of the pre-established soybean cropstages (1, 2, 3, 4, and 5 respectively corresponding to 5, 30 60, 90, and 120 days after soybean planting). Each rainfall test was made up of a constant, 64 mm h -1 rainfall intensity (equivalent to 0.2083 MJ ha -1 mm -1 ), for 1 hour. The soil was pre-wetted to field capacity 24-hours prior to the establishment of each rainfall treatment using the same rainfall simulator and the same rainfall intensity.
Both, soil cover by surface crop residue using the meter-stick method (Hartwig & Laflen, 1978) , and soil cover by soybean plant canopies using the meter-shaded method (Adams & Arkin, 1977) , were measured immediately before each rainfall test. Gravimetric soil water content was measured for the 0 to 0.20 m soil layer. Time of the beginning of runoff was taken with a chronometer. After surface flow appearence, runoff samples were manual and intermittently collected, at 3-min intervals, using a graduated cylinder, in order to perform computations of runoff rates, sediment concentration, and water and soil losses by runoff. These runoff measurements were made following the procedures described in Cogo (1981) .
Results of soil cover, time of runoff start, steady runoff rate, water loss, sediment concentration in runoff, and soil loss were interpreted by analysis of variance. The means were compared by the Duncan test (P < 0.05), and critical ranges between treatments in each soybean cropstages (rainfall test), and between cropstages in each treatment were individually presented.
RESULTS AND DISCUSSION

Soil cover by crop residue and by soybean plant canopies
Soil cover by the fodder radish crop residue was different only when comparing tilled-versus untilled-soil treatments (Figure 1) . Soil cover by crop residue in any of the untilled-soil treatments was little reduced throughout the experimental period, ending up with values in the order of 75% to 85% of the existing at the time the experiment was initiated. However soil cover by crop residue in the NTRD and NTRT treatments were low as compared to those commonly observed for other common, annual row-crops (Leite et al., 2004) . This could be due to the relatively low quantity of fodder radish crop residue produced in the experiment (4.0 Mg ha -1 ), to crop type, and to lack of lime and fertilizer application at planting time. Soil cover data of about the same type as those obtained in this study, as far as soil erosion by water-rainfall is concerned, were also reported by Vieira et al. (1978) , Cogo (1981) , Levien et al. (1990) , Bertol (1995) , Mello et al. (2003) , Leite et al. (2004) , and Engel (2005) .
Crop residue soil cover in the NTRB treatment was considerably lower than observed in NTRD and NTRT treatments, which can be regarded as high (Figure 1) . This is most likely due to some crop residue of the fodder radish not completely burned and remaining firmly fixed on the soil surface in the NTRB treatment.
Soybean canopy coverage progressively increased with crop growth until cropstage 3 (60-days after planting) reaching 80 to 100% of soil cover regardless of the treatment (Figure 1 ).
Time of runoff start
The time of runoff start differed considerably among soil tillage systems and soybean cropstages (Figure 2 ). Values for this variable were highest for the NTRT treatment, raging from 24 minutes during cropstage 2, to 33 minutes, for cropstage 1, and the lowest for the CTBS treatment (ranging from 8 minutes, for cropstage 5, to 20 minutes, for cropstage 1). The time of runoff start for the CTCS treatment ranged from 15 minutes for cropstage 2, to 22 minutes for cropstage 5. These differences were mainly caused due to the effects of management practices, given that the soil moisture prior to rainfall simulation was homogeneous (ranging from 0.26 g g -1 to 0.28 g g -1 at the 0 to 0.20 m soil depth) due to prewetting.
Except for soybean cropstages 1 to 2, in which the time of runoff start sharply decreased, values for this variable for the CTCS, NTRD, and NTRT treatments increased with advancing soybean cropstages (Figure 2) , probably due to increased soil protection provided by the rainfall interception capacity of the soybean plant canopies as the crop grew (Figure 1) .
Surface runoff
Among cultivated-soil treatments, the CTCS treatment presented higher runoff rates than NTRT, only at the last soybean cropstage (Figure 3) . Under some conditions, runoff rates can be related to infiltration rates in saturated soils where microdepressions are filled with water (Cogo, 1981; Cogo et al., 1984) .
Regardless of the soil tillage systems, runoff rates sharply increased from soybean cropstage 1 to cropstage 2, after which they sharply decreased, except for the control treatment, which maintained high runoff rates at all times with some differences between treatments (Figure 3 ). The decrease in runoff rates observed in some cultivated-soil treatments with advancing soybean cropstages means that conditions for infiltration and canopy interception improved as the crop grew, due to increased interception provided by the crop canopy and improved internal drainage provided by the expanding root system.
Water losses caused by runoff were similar among treatments during the first three soybean cropstages (Figure 4) . Afterwards, the highest water losses were observed for the CTBS treatment, and the lowest for NTRT. These results were similar to the time of runoff start data (Figure 3 ). Considering both, total rainfall amount applied during each soybean cropstage (64 mm) and the crop water requirements, water losses in the cultivated-soil treatments remained in the range of 15 to 31 mm, which are equivalent to 23% and 48% of the applied rainfall, respectively. Based on these findings, one may conclude that soilphysical conditions for water infiltration in the evaluated soil tillage systems treatments were unsatisfactory. Nevertheless, different crop sequences and/or crop species may improve the soil structure and its consequent ability to absorb rainfall.
Water losses in the form of surface runoff were greatly influenced by soil tillage systems ( Figure  4 ), as also reported by Vieira et al. (1978) , Levien et al. (1990) , and Leite et al. (2004) . These studies show that, as far as water losses due to erosion are concerned, both surface (e.g. residue cover, tillage-induced roughness, and canopy cover to some extent) and subsurface (e.g. degree of consolidation or loosening of the soil surface and internal porosity of the Figure 3 -Steady-runoff rates CTBS: conventional tillage on bare soil (control treatment); CTCS: conventional tillage on cultivated soil; NTRB: no-tillage on nevertilled soil with burned crop residue; NTRD: no-tillage on never-tilled soil with desiccated crop residue; NTRT: no-tillage on four-year interrupted soil tillage with crop residue -"traditional no-tillage". soil mass) soil physical conditions associated with management practices are important considerations. However, because the combined effect of such variables is influenced by many interactions, it is difficult to assess which of them play the most important part in the erosion process (Allmaras et al., 1966; Wischmeier & Smith, 1978) .
Runoff sediment concentration
Values for mean sediment concentration in runoff varied for soil tillage systems and soybean cropstages, especially between tilled, uncovered soil and tilled, covered soil ( Figure 5 ). Distinctly high sediment concentrations were observed in the CTBS (control) treatment with a large increase by the time corresponding to cropstages 1 and 2 to cropstages 3 to 5. This increase in mean sediment concentration was due to the regular conventional tillage performed during cropstage 1 and scarification during all other cropstages. This later manner of soil preparation caused it to become finely fragmented, facilitating the detachment and transportation of soil particles by both rainfall and associated runoff.
A relatively high mean sediment concentration was observed for the CTCS treatment, during cropstages 2 and 3 ( Figure 5 ), when plant canopies
were not yet satisfactorily protecting the soil, and the almost complete absence of residue cover in this treatment (average of 4% soil cover across all cropstages, see Figure 1 ). The comparatively low values of mean sediment concentration in the runoff water observed in the untilled soils, regardless of soybean cropstage, are mainly explained by the presence of a relatively thick residue soil cover (55%, on average), as a result of the previous fodder radish crop.
Soil losses
Regardless of soil tillage systems and soybean cropstages, all soil management treatments presented the same relative magnitude of mean sediment concentration in the runoff water ( Figure 5 ). Soil losses between treatments ( Figure 6 ) were much less influenced by treatment conditions than were water losses (Figure 4) . The control treatment presented a high variation in soil losses, from 5.5 Mg ha -1 by the time of soybean cropstage 1, to 31.0 Mg ha -1 at cropstage 4. Soil losses were relatively low (at most 3.0 Mg ha -1 for the CTCS treatment, and 1.0 Mg ha -1 for the untilled soils NTRB treatment) with no difference between soybean cropstages. These results are consistent with the expected relationship between soil erosion and soil cover, for most crop residues and/or growing plants, the more protection the soil has against the erosive forces of both, rainfall and its associated runoff (Cogo, 1981; . Overall soil loss-reduction effectiveness of treatments The relative effectiveness of the treatments was assessed by dividing the total soil loss in all cropstages by the total soil loss for the control treatment, for a period corresponding to the cropstages. The untilled soil treatments were relatively ineffective in reducing erosion (98.4% on average), in relation to the efficacy of soil conventional tillage which showed an effectiveness of 86.6% (Table 1) . These relative soil loss results should be interpreted considering two important aspects. First, there are critical slope-length limits for full effectiveness of crop residues under conservation tillage systems for water erosion control, which are in general larger than 100 meters Morais & Cogo, 2001) , and the plot slope lengths in this study were too short (11 meters) when compared to slopelengths in farm conditions. Second, water storage in the soil is an important variable in the conservation soil and water systems. In some situations, untilled soils may lose more water in the form of surface runoff than do tilled soils, especially if conventional tillage is not the main tillage-method used in the system.
CONCLUSIONS
Soil losses were well explained by the previous crop residue cover, plant canopy cover, and tillage type, while differences in the time of runoff start, runoff rate, and water loss between treatments were less related to these factors. It is recommended that future research on the relationship between tillage type, soil moisture conservation and soil erosion consider also other variables than those here used, such as water infiltration into the soil.
Variation in soil loss between soil tillage systems (except the control treatment) and soybean cropstages was small as compared to the variation in the time of runoff starts, steady-runoff rate, and water loss.
The overall relative soil loss-reduction effectiveness was highest for the untilled soils and similar for the conventionally-tilled soil, consistent with the characteristics of each treatment under which the erosion process by rainfall and its associated runoff took place. Figure 6 -Total soil loss by rainfall erosion: CTBS: conventional tillage on bare soil (control treatment); CTCS: conventional tillage on cultivated soil; NTRB: notillage on never-tilled soil with burned crop residue; NTRD: no-tillage on never-tilled soil with desiccated crop residue; NTRT: no-tillage on four-year interrupted soil tillage with crop residue -"traditional no-tillage". 
